We propose and experimentally demonstrate a photonic technique for Fourier transformation of broadband optical spectrum and compression of time-bandwidth product (TBP) simultaneously. Conventionally, an optical spectrum could be Fourier transformed based on the so-called time-spectrum convolution technique with a linearly dispersive delay line. In this paper, a nonlinearly dispersive delay line is implemented by the convolution of an input optical spectrum in the spectral domain with a nonlinearly chirped temporal sinusoidal waveform in the time domain. By specially designing the chirp rate variation of the temporal waveform, an anamorphic Fourier transformation functionality is realized to compress the TBP of output waveform. The key feature of this paper is that it is the first time to our knowledge to carry out the Fourier transformation of an optical spectrum with TBP compression. In addition, since the dispersive delay line could be programmable with high resolution, this technique is adaptable for different optical spectra and realizable for a reconfigurable TBP compression ratio. Experimental results show that the TBP compression ratio is programmable from 1.6 to 3 by engineering the nonlinear dispersive delay line. After reconstructing the Fourier transform of optical spectrum from the output waveforms, the error rate of the recovered waveform is calculated quantitatively. Also, we discussed and proved the possibility to recover the input spectrum only with intensity information. This proposed method is promising to break the big data limitation of the conventional real-time optical spectrum Fourier transformation technique based on the TBP engineering for data compression.
Introduction
The Fourier transform (FT) of optical spectrum has broad applications in Optical Fourier-Domain reflectometry (OFDR) [1] , optical coherent tomography (OCT) [2] - [4] , spectrum analysis and more. To accelerate the FT process, traditional methods, such as digital signal processing (DSP) and Field-Programmable Gate Array (FPGA), have been replaced by real-time optical spectrum Fourier transformation (RT-OSFT) [1] , which is based on temporal-spectrum convolution technique (TSC) [5] . Compared with the conventional methods, the photonic RT-OSFT technique in analog domain could provide MHz update rates without any numerical post-processing. Naturally, with the ultrafast FT processing speed provided by using RT-OSFT technique in analog domain and the exponentially growing quantity of the data given by RT-OSFT process, the increasingly redundant data of the FT of the input optical energy spectrum will reduce the efficiency of data analysis, storage and transmission for optical energy spectrum in digital domain. Therefore, it is urgent for human beings to develop new information technique to alleviate this problem caused by the rapid growth of data quantity.
As is known to all, it is indispensable to digitalize data before data storage, analysis and other complex numerical post-processing, such as digital imaging. However, the problem on big data of the output signals has been widely concerned due to the ultrahigh-speed sampling. Based on Nyquist-Shannon sampling theorem, sampling rate should be larger than Nyquist rate, so that the original analog signal could be reconstructed perfectly after filtering. However, sampling rate must be extremely high for the ultrahigh-speed analog signal with broad bandwidth to satisfy Nyquist-Shannon sampling theorem, and at the same time, lower frequency components of the dynamic signal will be oversampled, which will cause the redundancy of the sampled data. Based on photonic techniques, photonic time-stretch digitizer with a linearly dispersive delay line [6] - [12] has been proposed to realize the sampling of the ultrahigh-speed signal [13] - [19] . The key idea of the photonic time-stretch digitizer is to slow down the ultrafast optical signal by using a linearly dispersive element before sampling. A dynamic optical signal with the longer temporal duration, after being stretched, is converted to an electrical signal with a narrow bandwidth by using a photo-detector. Therefore, the generated analog signal with narrow bandwidth could be digitalized by using an analog-to-digital convertor (ADC) with lower sampling rate. In this technology, as the temporal duration of the detected signal is increased by a factor M, the bandwidth is compressed by the same factor, in other words, the time-bandwidth product (TBP) remains unchanged, as shown in Fig. 1(a) . However, the lower bandwidth components of the dynamic signal are still oversampled. Fortunately, based on a nonlinearly dispersive element, anamorphic stretch transform (AST) with compression of the time-bandwidth product (TBP) is proposed to solve this problem [20] - [22] , as shown in Fig. 1(b) . In this technique, the analog signal is stretched by a factor N in time domain while the bandwidth of the signal is compressed by a factor M, in which M > N. Clearly, with the compression of the TBP, the temporal duration of the output signal could be relatively compressed compared to the output of the traditional photonic time-stretch method while bandwidths remain unchanged, as shown in Fig. 1 . By using complex-field detection in analog domain and digital back-propagation algorithm, the original input signal could be recovered from the output signal and the TBP of the output signal is compressed in the analog domain. Obviously, with the reduction of the record length and the compression of TBP, the digital data size will be compressed and the efficiency of data storage or complex numerical post-processing will be improved simultaneously. The red dash line represents sampling points. Clearly, sampling points can be reduced by using AST and our proposal. (a) Basic ideas of the conventional time-stretch digitizer and AST. As the group delay is nonlinear in AST, the temporal duration of the output signal is compressed comparing to the conventional one. The envelope of the output signal is the FT of the input signal in conventional timestretch digitizer; (b) comparison between the RT-OSFT and our proposal. The group delay of traditional RT-OSFT is linear. Similar to the AST, we can design a nonlinear group delay to compress temporal duration of the output signal. Thus, the output signal is the anamorphic FT of the input optical energy spectrum. The difference between our proposal and AST is that the output signal in our proposal is an anamorphic FT of the input optical energy spectrum while the output in AST is an anamorphic spectrum of the input temporal signal.
The key of the AST is to manipulate the group delay of the photonic time-stretch system. As the group delay induced by a nonlinearly dispersive element is nonlinear, the input signal is nonlinearly stretched [see Fig. 2(a) ]. Comparing to the conventional time-stretch digitizer, the temporal duration and the sampling points of the output signal are reduced. However, the bandwidth remains unchanged since only low frequency part is compressed in time domain. Hence, the TBP of output signal is also compressed comparing to the conventional time-stretch digitizer. What's more, the data size becomes smaller and the redundant data caused by oversampling is reduced. The similar idea could also be applied in RT-OSFT technique to reduce the sampling points, improve the efficiency of sampling and solve problems caused by oversampling. The difference is that we realize an anamorphic FT of the input optical energy spectrum in our proposal while the output signal in AST is an anamorphic FT of the input temporal signal. The group delay of RT-OSFT can be easily tuned by modulating a nonlinearly chirped temporal sinusoidal waveform instead of using a nonlinearly dispersive element as shown in AST. More details are discussed in Sections 2 and 3. The fundamental principle of our proposal are shown in Fig. 2 . Similar to previous works [20] - [22] , we use TBP to analyze the compression ratio, temporal duration and bandwidth of the output envelope.
In this paper, a novel RT-OSFT with compression of TBP and fewer sampling points is proposed and demonstrated by implementing a nonlinearly dispersive delay line, where, compared to the conventional RT-OSFT technique, a nonlinearly chirped temporal sinusoidal waveform is chosen as the kernel function in TSC process. Here, key parts of the novel technique to realize the anamorphic FT of optical spectrum are the nonlinearly chirped temporal sinusoidal waveform and a Fig. 3 . The scheme of TSC system. The orange line represents the optical path while the light green line is on behalf of the electrical one. Output in time domain of this system is the convolution between the intensity of the modulation signal and the spectrum intensity profile of the optical signal. Symbol here means convolution.
group-velocity-dispersion (GVD) element, such as dispersion compensating fiber or linearly chirped fiber Brag grating, more details are discussed later. The ability of TBP compression in analog domain and the changeability of the compression ratio, which is tuned from 1.6 to 3 in our experiment, are simultaneously demonstrated by choosing different nonlinear factor of the nonlinearly chirped temporal sinusoidal waveform. The output signals in our experiment are measured in single-shoot. Finally, the FT of the optical spectrum is reconstructed from the measured waveform by using a digital signal processing algorithm. The processing error is shown and analyzed in Section 3.
Theoretical Analysis

Principle
As we have mentioned above, this new method is implemented based on the TSC technique, as shown in Fig. 3 . In this scheme, a filtered broadband incoherent optical source is modulated by a microwave signal. Then, it is stretched by a dispersive element. Because of the group-velocity dispersion (GVD) provided by the optical dispersive delay line, the intensity signal detected by the photo-detector is proportional to the convolution between the temporal intensity modulation waveform and a time-scaled version of the input energy spectrum [5] , [23] . Besides the incoherent optical source, a broadband multi-wavelength (MW) laser with a frequency comb shaped spectrum could also be implemented in this system to realize the TSC process with a single-shoot measurement [1] , [24] . Notice that the free spectral range (FSR) of the input frequency comb should be higher than the bandwidth of the photo-detector and the frequency linewidth should be extremely narrow, as reported in [1] , [24] . In our experiment, a multi-wavelength laser (MWL) has been applied and the output signal is measured in single-shoot. With the respect to TSC process, the intensity of output signal is written as [5] , [23] 
where S(ω) is the input optical energy spectrum profile mapped in time domain through the dispersive element, with an optical GVD, D 0 , and the frequency-to-time mapping law is given by ω = t/D 0 , I mw (t) in (1) represents the intensity profile of the input microwave signal. Additionally, symbol in this paper means convolution process [5] . Based on (1), mathematically, the FT process of the optical spectrum can be easily achieved by choosing a linearly chirped temporal sinusoidal waveform as the kernel function, I mw (t), and, at the same time, satisfying the Fraunhofer condition [1] . The linearly chirped temporal sinusoidal waveform is
According to (2), we can rewrite (1) as
After simplification, (3) is written as
where R { * } means the real part of the equation in the braces. The Fraunhofer condition is given by
where τ = ω · |D 0 | is the temporal period of the time-mapped optical spectrum profile determined by the optical bandwidth, ω, and GVD, D 0 , of the optical dispersive delay line. Similar to the GVD of the optical dispersive element in frequency-to-time mapping process [28] , the chirp factor D mw should be large enough to satisfy the Fraunhofer condition. Therefore, exp i
in (5) is approximately equal to 1. After calculation, the intensity of the output profile is given below,
where ω represents the frequency of the time-mapped spectrum profile S (ω = τ/D 0 ) and the symbol F { * } means the FT process for the equation in braces. According to (7) and (8), the envelope of the output signal is proportional to a Fourier transform of input optical energy spectrum profile [1] . Based on (1) and (4), the time-mapped spectrum profile, S (ω = τ/D 0 ), could be considered as the input signal of this system while the linearly chirped temporal sinusoidal waveform represents the kernel function or the impulse response of TSC process. Similar to frequency to time mapping process, the FT of the time-mapped input energy spectrum is mapped into the linearly chirped temporal sinusoidal waveform. Therefore, a linear group delay (GD) of the system is shown as
where ω represents the frequency of the time-mapped spectrum profile S (ω = τ/D 0 ). This GD is directly decided by the chirp rate of the chirped signal. Additionally, the bandwidth of the output signal is shown as
where ω represents the bandwidth of the time-mapped spectrum profile and t is the temporal duration of the output signal. According to the FT law, ω is inversely proportional to the temporal duration of the time-mapped optical spectrum profile. As the output signal is a product between the linear chirped signal and the FT of the time-mapped spectrum profile, the bandwidth is directly decided by the temporal duration t of the output signal and the chirp rate D mw . Since the temporal duration of the output signal has a linear relationship with the bandwidth ω [see (9) ], the bandwidth of the output signal is equal to the bandwidth of the time-mapped input energy spectrum profile. Notice that ω should be smaller than the bandwidth of the linearly chirped signal so that no information of the FT of the time-mapped spectrum profile will be lost [1] . A diagram of our analysis is shown in Fig. 4 . However, with linearly chirped sinusoidal waveform and optical dispersive element, which provide the time-mapped input optical spectrum profile with a linear GD, the envelope of the output signal could not be compressed. Therefore, based on the idea of AST technique [19] - [21] , a nonlinearly chirped temporal sinusoidal waveform, which provides a nonlinear chirped GD, is needed to realize the anamorphic FT of the optical spectrum with the compression of the TBP and reduce of the Fig. 4 . Description about the bandwidth of the output signal. The FT of time-mapped input optical energy spectrum profile is mapped into temporal domain by using the conventional RT-OSFT technique and our proposal. As the output signal is chirped, the bandwidth is decided by frequency-time relationship of the chirped signal and the temporal duration of the output. Since the frequency-time relationship is the same to the group delay, the bandwidth of the output signal is equal to f . sampling points in time domain. A well designed sub-linear GD is written as [20] 
According to this GD, a nonlinearly chirped temporal sinusoidal waveform is shown as
where nonlinear factors, c 1 and c 2 , are arbitrary real numbers. The constant of integration is chosen as zero for convenience. Similar to the situation of the linearly chirped signal, the bandwidth of the output signal is decided by its temporal duration since the output signal is a product between the nonlinearly chirped signal and the anamorphic FT of the time-mapped optical spectrum. As the GD of the system is nonlinear [see (11) ], the relationship between the bandwidth ω nonlinear output and the temporal duration should be nonlinear. Mathematically, the bandwidth is shown as
where t 2 and t 1 represent the end point and the start point of the temporal output signal respectively and the ω is the bandwidth of the time-mapped optical spectrum profile. Similar to the situation with the linear GD, the relationship between the bandwidth of the output signal and the temporal duration of the input time-mapped optical spectrum profile is same to the GD, which is shown in Fig. 5(b) . A diagram of our analysis about the bandwidth is also shown in Fig. 4 . The compression ratio here is defined as the ratio between TBPs of the compressed output and the conventional one, (3), and compress the both sides of the output envelope relatively, the following condition should also be considered,
Additionally, as reported in [1] , the bandwidth of microwave signal ω mw should be larger than the bandwidth, of the time-mapped spectrum profile S (ω = τ/D 0 ), ω mw > 1/ (δω · D 0 ). Notice that δω represents the resolution of the input optical spectrum while the bandwidth of the signal is inversely proportional to the temporal resolution, which is δω · D 0 according to frequency-to-time mapping law. Therefore, the temporal period t mw of microwave signal, considering the Fraunhofer condition in (6), should be longer than a value proportional to |D 0 | · ω 2 opt /δω, where ω opt represents the bandwidth of the input optical spectrum.
Simulation Results and Analysis
Based on (2) and (12), simulated linearly and nonlinearly chirped temporal sinusoidal waveforms, the so called Linear, Nonlinear 1 and Nonlinear 2 , are shown in Fig. 3 with a chirp factor D mw = 0.6 × 10 −14 s 2 /rad and nonlinear factors c 2 = 1 × 10 5 rad/s, c 2 = 2 × 10 5 rad/s respectively. Notice that, compared to the linearly chirped temporal waveform, there are some unexpected discrepancies (see Fig. 5 ), 1) the numerical value of nonlinear chirped signals suddenly changes to zero in both sides, 2) the nonlinearly chirped signal is under-sampled in both sides of the waveform.
For question 1), the numerical value of c 1 /c 2 · ln cos (c 2 t) in both sides, given by (11), becomes a complex number with ultrahigh numerical values of real and imaginary parts, up to 104, when the numerical value of cos (c 2 t) is negative. However, this large complex numerical value of (c 1 /c 2 ) · ln cos(c 2 t) results in an infinite numerical value of I mw (t) in simulation, which is recognized as zero by computer. Thus, the profile of the nonlinearly chirped signals are not complete. Fortunately, it has no negative effects on the compression of the output envelopes, as the period of the nonlinearly chirped temporal sinusoidal waveforms are long enough to satisfy the mentioned condition, t mw |D 0 | · ω 2 opt /δω. As for question 2), based on Nyquist-Shannon sampling theorem, the sampling rate should be twice larger than the bandwidth of the nonlinearly chirped signal. However, it is impossible to satisfy this condition when the sampled signal is nonlinearly chirped, because that the frequency of the nonlinearly chirped temporal sinusoidal waveform at the point π/ (4c 2 ) in temporal domain is infinite (the waveform here is symmetric). Therefore, the distortion of the nonlinearly chirped sinusoidal temporal waveform always exists.
In our simulation results, to show nonlinearly chirped temporal sinusoidal waveforms with different nonlinearly factors completely, temporal durations of these three signals are 40 μs, where the frequency of Nonlinear 1 at −15.6 μs, for example, is around 69 GHz while the sampling rate of our simulation is 70 GHz. Thus, the simulated signal is under-sampled, as shown in Fig. 5(b) and (c).
As a multi-wavelength laser is used in our experiment as an incoherent optical source, we use the similar optical source in our simulation. A theoretical demonstration our proposal is shown in the simulated result (see Fig. 6 ). Clearly, there are some unexpected bulges in both sides of compressed output envelopes, as shown in Fig. 6(c) . Notice that these bulges [see Fig. 6(c) ] and the distortion of the nonlinearly chirped waveforms (see Fig. 5 ) appear at the similar point in time, so that, based on (1), the unexpected bulges are caused by the convolution process between the distorted nonlinearly chirped waveform and the designed optical spectrum. What's more, those bulges are also influenced by the discrete input optical energy spectrum profile, which induces more errors for the input time-mapped optcial energy spectrum profile. Details of the bulges are shown in Fig. 6(c) . However, it has no effect on the compression of the output envelopes, in which envelopes of Nonlinear 1 and Nonlinear 2 have been compressed nearly 1.6 and 3 times respectively. 
Principle of Eliminating Bulges
Theoretically, the anamorphic FT of the input energy spectrum without bulges in both sides could be easily realized when the bandwidth of the nonlinearly chirped sinusoidal waveform is smaller than the half of the sampling rate and, meanwhile, the temporal duration of the nonlinearly chirped waveform is larger than |D 0 | · ω opt 2 /δω, as we discussed before. Notice that the temporal duration of the nonlinearly chirped sinusoidal waveform decides its bandwidth [see (11) ]. The following inequality could be easily derived,
where F sampling is the sampling rate. By adjusting the temporal period of the nonlinearly chirped waveform, according to this inequality, the output envelopes without bulges in both sides are simulated to prove our analysis, as shown in Fig. 7 . The chirp factor D mw and the nonlinear factors remain unchanged in this simulation. 
Analysis of TBP
In order to analyze TBPs of the output envelopes in Fig. 6(c respectively and the compression ratio are nearly 1.6 and 3 times while bandwidths of them are same. According to the simulation and the analysis, the proposed novel RT-OSFT technique with the ability of data compression and the changeability of the compression ratio has been theoretically proved.
Experiment and Analysis
Experiment Setup and Results
The experiment setup is shown in Fig. 9 . A broadband frequency comb with a FSR of 0.4 nm and a bandwidth of 15.6 nm is generated by a multi-wavelength laser (MWL) (Optilab DSB-40-10-S). Then, a programmable optical filter, WaveShaper (WS) (Finisar WaveShaper 4000s), is used to shape the input optical energy spectrum and this spectrum is shown in Fig. 9 . After being filtered, this optical signal is modulated by using a 40 GHz-bandwidth Mach-Zehnder modulator (Oclaro) driven by the engineered modulation signal, which is generated by an arbitrary waveform generator (AWG) (Tektronix AWG70001A). In the next step, the modulated optical signal is stretched by a dispersion compensating fiber (DCF), which provides a total GVD around −803 ps/nm. Finally, a photo-detector (Agilent 11982A) with bandwidth of 18 GHz converts the optical signal into the electrical signal, which is monitored by a real-time oscilloscope (Tektronix DPO73304D) with a single-shoot measurement. As the bandwidth of the photo-detector is smaller than the FSR of MWL, the proposed scheme could realize the convolution process successfully as we discussed in Section 2. Notice that the orange line represents the optical path while the light green line is the electrical one.
In order to prove the proposed concept, an unbalanced double Gaussian spectral envelope (see Fig. 10 ) and three temporal waveforms (see Fig. 11 ) with linear and nonlinear chirp are realized by easily programming the WS and AWG, where the chirp factor D mw = 0.6 × 10 −14 s 2 /rad and the nonlinear factor c 2 = 1 × 10 5 rad/s, 2 × 10 5 rad/s. Temporal durations of these three temporal waveforms are 80 μs and 40 μs for the linearly and two nonlinearly chirped temporal sinusoidal waveforms respectively, so that the whole picture of the output signals will be shown in front of our eyes. Clearly, there are distortions in both sides of nonlinearly chirped sinusoidal temporal waveforms because of the limited sampling rate, around 50 GHz of AWG. Therefore, according to the simulation results and analysis [see Fig. 6(c) ], there should be bulges in both sides of the output envelopes.
The experimental results with a single-shoot measurement are shown in Fig. 12(a)-(c) . As with the simulation results, the bulges appear in both sides of the measured results because of the limit of the sampling rate and the temporal duration of the envelopes has been successfully compressed nearly 1.6 and 3 times. After extracting the envelope of the measured outputs, STFTs of the output envelopes are calculated to analyze the compression ratio of TBPs and the red dash line in Fig. 12(d)-(f) marks the temporal duration and the bandwidth. Notice that bandwidths of these three envelopes remain almost unchanged. However, because of the different sampling rate of the simulation and the real-time oscilloscope, bandwidths of simulated results, which is calculated by STFT algorithm, are one order of magnitude larger than the bandwidth of extracted envelopes from the measured waveforms. Clearly, bandwidths of the simulated and the extracted envelopes of the measured waveforms are around 2 GHz and 0.14 GHz respectively. After calculation, the TBPs of the output envelopes are 5040, 3080 and 1680 respectively with the same chirp factor and different nonlinear factors. Therefore, the proposed technique has been experimentally demonstrated with a tunable compression ratio from 1.6 to 3.
Reconstruction and Analysis
The FT of the input optical energy spectrum is recovered from the compressed output waveforms by using a recovery algorithm. Contrary to the compression process, the key idea of the recovery algorithm is to engineer the nonlinear group delay to stretch the compressed output envelopes so that the FT envelope of the input optical energy spectrum could be reconstructed ideally. Therefore, the nonlinear group delay in the recovery algorithm is
where A and B are arbitrary real numbers or called nonlinear factor. The comparison between the recovered envelopes and the simulated FT of the input optical energy spectrum (fast Fourier transform algorithm) is shown in Fig. 13 . In order to make a quantitative analysis of the recovered envelopes, a deviation factor [25] is defined as
where P r (t) is the power of the recovered envelopes and P s (t) is the power of the simulated FT of the input optical energy spectrum. The deviation factors of the recovered envelopes are 12.56%, 15.22% and 15.60% for Nonlinear 2 , Linear and Nonlinear 1 respectively. These high deviation factors are caused by the following reasons: 1), the using of discrete frequency comb as the broadband incoherent light source brings more errors compared to the continuous spectrum profile, according to [24] ; 2), the noise of the output signal with a single shoot measurement has an effect on envelope extraction in our algorithm. For example, the parts with the low power of the output signal, which is inundated by the noise, cannot be extracted; 3), compared with the envelope of the measured waveform, the extracted envelope has a deviation caused by the proposed algorithm; 4), the stretched envelope is also decided by chirp factor and nonlinear factor.
Discussion
The aim of our proposal is to reduce the sampling points of the output signal, which is the FT of the input optical energy spectrum. Compared to the conventional RT-OSFT, our proposal needs the post-numerical process to recover the FT of the optical spectrum, which is time-consuming and might not be suitable for some applications. However, because of the smaller data size of the output signal and the ability to reconstruct the FT of the optical energy spectrum, it is more efficient for data storage and the further analysis about the FT of the optical energy spectrum in computer or other devices. Also, the reductant data, such as the smooth part in the FT of the optical spectrum, could be reduced by easily programming the GD by tuning the chirped signal. One example has been shown in our experiment where the low frequency part in both sides of the output signal is compressed while central parts of the output signal remain unchanged (see Fig. 12 ).
Compared to the complex-field detection technique used in [19] - [21] , [26] , [27] , our proposal is based on an incoherent optical source and only intensity information could be detected by using a photodetector [1] , [5] , [23] , [24] , [29] . The phase information of the time-mapped input spectrum profile in optical domain is meaningless because the phase of the incoherent light is random [23] . Also, the random phase of the incoherent optical signal leads that the light with different frequencies can only beat with themselves. Therefore, the output of the incoherent optical signal processing system is a convolution between intensities of two signals [23] . Unlike the photonic time-stretch digitizer or AST in which the FT of the input signal is realized by dispersion, the FT of the input optical spectrum is achieved by using this convolution process [see (1) , (3), (8)], which means that only intensity of the waveform is considered in our proposal. Since there is no valuable phase information in the input and the output signals, the input time-mapped optical energy spectrum could be hardly recovered only with intensity information by using the conventional complex-field detection and backpropagation algorithm in which the phase information is key for input signal reconstruction [19] - [21] , [26] , [27] . However, as the output signal is a convolution between two signals only with intensity information, we can use a deconvolution algorithm to get the time-mapped input optical energy spectrum profile. The basic principle is shown in Fig. 14 . As output signals and the chirped signals, I mw , are measured by using a real time oscilloscope in our experiment, it is possible to recover the input signals. According to this principle, the recovered time-mapped input optical energy spectrum is shown in Fig, 15 Nonlinear 2 respectively. These errors are caused by several reasons: 1), noises in the link; 2), the number of sampling points is relatively small in our experiment by using a real time oscilloscope; 3), the input optical spectrum profile is sampled by a MWL, which induces some errors [24] , [29] ; 4), errors caused by the proposed algorithm; 5), some intensity information is lost in the output with higher compression ratio, which brings more errors in the recovered signal. What more, the input optical spectrum could also be recovered from the time-mapped signal and the relationship between the optical frequency domain and the time domain is linear, ω opt = τ D 0 . Thus, it is possible to recover the time-mapped input optical energy spectrum profile and meanwhile, the input optical spectrum. But a higher signal-to-noise ratio, more sampling points in a real time oscilloscope and a more efficient deconvolution algorithm are needed to reduce errors in the signal reconstruction.
Conclusion
In this paper, we proposed and experimentally demonstrated an optical spectrum FT technique with the ability of data compression and the tunable compression ratio. According to the measured results, the compression ratios of TBPs are around 1.6 and 3 when the nonlinear factors c 2 are 1 × 10 5 s 2 /rad and 2 × 10 5 s 2 /rad respectively. The sampling points of the output signal could be substantially reduced. Meanwhile, the bandwidths of the output envelopes remain unchanged and the output waveform is measured in single-shoot. In post-processing, the FT of the input optical energy spectrum are reconstructed from the measured waveforms by using the proposed recovery algorithm. This process brings a relatively high deviation factor, 12.56% to 15.60%, because of the noise in the measured waveform and the error caused by the proposed algorithm. Also, the input optical spectrum is recovered from the sampled waveform by using a deconvolution algorithm. But the deviation is too high. Therefore, more efficient algorithm and high signal-to-noise ratio are needed to reduce the deviation between the recovered envelope and the simulation. Besides these drawbacks, the proposed photonic technique with substantially smaller data size and the reconfigurable compression ratio, will alleviate the problems in data storage, transmission, oversampling and numerical post-processing for the FT of the input optical energy spectrum and, at the same time, improve the efficiency of analog-to-digital conversion in the age of big data.
